Huntington's disease shares a common molecular basis with eight other neurodegenerative diseases, expansion of an existing polyglutamine tract. In each case, this repeat tract occurs within otherwise unrelated proteins. These proteins show widespread and overlapping patterns of expression in the brain and yet the diseases are distinguished by neurodegeneration in a specific subset of neurons that are most sensitive to the mutation. It has therefore been proposed that expansion of the polyglutamine region in these genes may result in perturbation of the normal function of the respective proteins, and that this perturbation in some way contributes to the neuronal specificity of these diseases. The normal functions of these proteins have therefore become a focus for investigation as potential pathogenic pathways. We have used synthetic antisense morpholinos to inhibit the translation of huntingtin mRNA during early zebrafish development and have previously reported the effects of huntingtin reduction on iron transport and homeostasis. Here we report an analysis of the effects of huntingtin loss-of-function on the developing nervous system, observing distinct defects in morphology of neuromasts, olfactory placode and branchial arches. The potential common origins of these defects were explored, revealing impaired formation of the anterior-most region of the neural plate as indicated by reduced pre-placodal and telencephalic gene expression with no effect on mid-or hindbrain formation. These investigations demonstrate a specific 'rate-limiting' role for huntingtin in formation of the telencephalon and the pre-placodal region, and differing levels of requirement for huntingtin function in specific nerve cell types.
INTRODUCTION
Huntingtin (htt) is a large 350 kDa protein that while ubiquitously expressed is more abundant in the brain. Expansion of the polyglutamine-coding region in the amino terminus of htt results in a devastating neurodegenerative disease, Huntington's disease (HD). HD is associated with progressive and debilitating motor, cognitive and psychological symptoms (1, 2) . Presently, there is no treatment or cure for this disease, which is fatal usually 15 -20 years after onset.
The primary pathology of HD involves gradual and selective death of medium spiny g-aminobutyric acid (GABA)-utilizing neurons of the striatum, and neurons in the deeper layers of the cerebral cortex. It is currently not known how the expansion of the polyglutamine-containing region within htt gives rise to this pathology (3, 4) . The dominant inheritance characteristic of the disease suggests that the polyglutamine expansion may confer a toxic gain-of-function upon htt. Interestingly, the same polyglutamine expansion mechanism is found to be the same basis for eight other neurodegenerative diseases, albeit in eight distinct and unrelated proteins. Each disease shows a distinct neuronal pattern of vulnerability to pathology. These distinctions have been proposed to indicate that the loss or alteration of the unique normal functions of these proteins contribute in some way to the specificity of neuronal cell death (5) . In order for this to be the case, different neuronal cell types must therefore have different needs for htt function for their survival. Analysis of the normal role of htt may therefore provide some understanding of the molecular and cellular basis of the pathology associated with HD.
Since its identification over a decade ago, some insight has been gained into the biological functions of htt. Analysis of its structure and the dozens of binding partners provide clues to htt's function in a variety of processes including cell survival, endocytosis, axonal transport and neuronal transcription (reviewed in 6). Of particular interest is htt's ability to regulate the expression and transport of neurotrophin BDNF, which plays an important role in neuronal survival and differentiation (7) (8) (9) (10) . Expansion of the polyglutamine repeat region in htt impairs both production and transport of BDNF (8, 10, 11) .
Knock-out of the mouse orthologue, Hdh, demonstrated that htt is required for development. Investigation of very early Hdh 2/2 mouse embryos, prior to embryonic lethality, suggests a role for htt in embryonic organization, patterning, cell survival and nutrient transfer between the embryo and the extra-embryonic tissue (12 -17) . Limited information can be gained from these Hdh 2/2 mouse embryos with complete absence of htt due to the early age of lethality and highly disorganized structure of the embryo.
In the current study, we have carried out an investigation of the functions of htt in vivo, using an alternative animal model system, Danio rerio. We have used morpholino oligonucleotides to inhibit translation of the htt protein from the one cell stage of development. One major advantage of using this system is that we are able to partially reduce the level of htt expression in order to gain a milder phenotype than achieved with Hdh 2/2 mice. Our previous analysis using this model has demonstrated dramatic effects on embryogenesis upon reduction of htt expression (18) . This investigation revealed a role for htt in iron homeostasis and transport in zebrafish (18) . Using the same model system, htt was also shown to be required for differentiation of cartilage of the pharyngeal arches, a process which was shown to involve BDNF signaling (19) . Here we show that htt plays a role in formation of the anterior most region of the neural plate, specifically in formation of telencephalic progenitor cells and the pre-placodal tissue. Subsequent inhibition of formation of sensory neurons arising from the placodal tissue is rescued by addition of exogenous BDNF.
By using morpholinos to reduce htt levels in the developing zebrafish, we have demonstrated that neuronal cells have differing requirements for htt function. Given that perturbation of normal htt function is a component of HD pathogenesis, this differing requirement of particular neurons for htt function provides a mechanism that can account for the specificity of neuropathology in HD brains despite the widespread expression of htt in the brain.
RESULTS

Htt signaling is required for normal peripheral sensory neuron development in zebrafish
In this study, the zebrafish model system was used to determine the effects of reduced htt expression on early development. The aim of these experiments was to determine whether the normal functions of htt would be rate-limiting for particular developmental processes involving the nervous system and therefore indicate specificity of neuronal requirement for htt function.
Previous studies have suggested that htt may play a role in the prevention of apoptosis (20) . We therefore decided to look at the general pattern of apoptosis within the whole embryo at various stages of development, after injection of a morpholino targeted to the zebrafish htt mRNA at the one cell stage. This validated zebrafish model of htt function has been previously described by our laboratory (18) and has also recently been utilized by others (19, 21) .
Acridine orange was used to view cell death throughout development in the whole hdMO1 embryo. As cell death is a normal part of development, the pattern of cell death in hdMO1 embryos was compared with that of two control groups, wild-type (uninjected) and cMO injected embryos. Very similar results were obtained for wild-type and control morpholino injected embryos (cMO or mcMO1) in all experiments in this manuscript. For simplicity, only one control group image is shown, and as injection of a control morpholino is a more stringent test of morpholino specificity, these images are shown.
When analyzing the level of apoptosis with acridine orange, of particular note was the reduction in cell death within the olfactory placode ( Fig. 1A and B ) and within the lateral line neuromasts (result appears similar to Fig. 1E and F described below) of hdMO1 embryos ( Fig. 1B and F) compared with either of the control groups ( Fig. 1A and E) . Cell death is a normal and continuous process within both the olfactory and lateral line sensory systems to allow constant replenishing of sensory neurons from the basal support cell population (22 -24) . The absence of cell death in these regions suggests either that these sensory neurons are not able to undergo cell death in hdMO1 embryos, or that these sensory neurons are not present with the olfactory or lateral line placodes. In order to further investigate this phenotype, two dyes were used which are specifically taken up by olfactory sensory neurons and lateral line neuromasts. DiI is a lipophillic dye used previously to visualize mature olfactory sensory neurons in zebrafish (25) . Staining embryos in this dye revealed an absence of mature olfactory sensory neurons in the olfactory placode of hdMO1 embryos at 96 hpf (Fig. 1D ) unlike the control (mcMO1) injected embryos (Fig. 1C) . Similarly, quantitative PCR (qPCR) analysis of olfactory marker protein 2 (zOMP), expressed by mature olfactory sensory neurons (26) , is significantly reduced in hdMO1 embryos compared with mcMO1 embryos (Table 1) .
Like DiI, DASPEI staining is used to visualize sensory neurons; however, DASPEI is specifically taken up by hair cells within the lateral line neuromasts (27) . In the wild-type embryo, the number and pattern of lateral line neuromasts is well characterized (28) . DASPEI staining showed that hdMO1 embryos have fewer lateral line neuromasts compared with wild-type and mcMO1 injected embryos ( Fig. 1E and F) . Quantification of the total number of neuromasts in each embryo shows that this reduction occurs as a dose-dependent response to hdMO1 injection (Fig. 1G ).
Htt has a rate-limiting role in anterior neural plate formation Both the olfactory and lateral line sensory systems arise from specialized regions of embryonic ectoderm termed the olfactory and lateral line placode, respectively. These are among a number of placodal tissues that originate from a common precursor region, the pre-placodal region, early in gastrulation of all vertebrates (reviewed in [29] [30] [31] [32] [33] [34] . Given this common origin, we speculate that htt may be important in formation of the pre-placodal region. Six1, orthologue of Drosophila sine oculis, encodes a homeodomain transcription factor expressed throughout the pre-placodal region and in all cranial placodes throughout development (35) . We analysed the mRNA expression pattern of six1 at 12 hpf in an attempt to visualize the pre-placodal region in the developing zebrafish. In situ hybridization analysis revealed a clear reduction in the level of six1 expression in the pre-placodal region of hdMO1 embryos ( Fig. 2A and B) . At this time in normal development, placodal cells have formed at the anterior end of the neural plate and some of the placodal cells (the lateral line and otic placodes) have broken away and are migrating posteriorly toward their final destination. Six1 expression appears to be reduced in both areas in hdMO1 embryos (Fig. 2B ). Quantitation of the overall level of six1 mRNA expression by qPCR analysis shows that six1 expression was significantly reduced in hdMO1 zebrafish embryos (Table 1) . In support of this result, expression of a second marker of preplacodal cells which are more specifically expressed within the olfactory precursor cells, Drosophila distal-less orthologue, dlx3b was also shown to be significantly reduced in hdMO1 embryos (Table 1) (36) . This reduction in six1 and dlx3b expression suggests that htt has a rate-limiting role during development in the formation of the pre-placodal region.
Fate and expression mapping (36 -39) has been carried out for cells of the zebrafish anterior neural plate. Figure 2C demonstrates the position of pre-placodal tissue expressing six1 and dlx3b at the anterior ridge of the neural plate. Immediately adjacent to this, telencephalic precursor cells at the neural plate margin express emx3 (green) (40 -42) . qPCR analysis of hdMO1 embryos revealed reduced expression levels of emx3 (Table 1) suggesting that htt is also required for formation of neural-fated ectoderm, not only the pre-placodal region. This result correlates with reduced expression of dlx2 within the subpallial telencephalon and diencephalon later in the development ( Fig. 2D and E) . Interestingly, anterior neural plate expression of otx2 (slightly more posterior to emx3) was not significantly reduced in hdMO1 embryos by qPCR (Table 1 ) and in situ hybridization analysis, with no change in the pattern of expression ( Fig. 2F and G).
In an effort to identify the cellular location and developmental process(es) in the neural plate for which htt activity was rate-limiting, we examined the expression of a number of genes, which are markers for known regions of the neural plate, neural plate derivative tissues and also for notochord formation. First, we selected genes that are expressed at specific locations along the neural plate from the forebrain to the hindbrain. As visualized by in situ hybridization, expression of krox20 and hoxd4a genes within the hindbrain (expressed in rhombomere 3 and 5, and rhombomere 7þ, respectively) were not altered in hdMO1 embryos ( Fig. 3A and B). In addition, expression of neural crest cell marker dlx2 at 19 hpf demonstrated that in hdMO1 embryos, cranial neural crest cells form in the same three-group pattern in the hindbrain as seen in both mcMO1 and wild-type embryos ( Fig. 3C and D) .
In 2005, Woda et al. (15) showed that Hdh 2/2 mouse embryos at e6.5 had reduced neuroectoderm formation, and lack a morphological node. This was suggested to be caused by a deficiency in formation of the anterior primitive streak (anterior blastopore; anterior blastoderm margin in zebrafish (43) ). The blastoderm margin is required for the formation of the germ layers. To investigate whether a deficiency in the anterior blastoderm margin gives rise to the anterior neural plate deficiency phenotype observed here, we examined mesoderm formation in hdMO1 embryos. In situ hybridization (78) . ÃÃÃ Significance is determined by P-value 0.001. For hdMO1 versus mcMO1, dlx3b, emx3, zOMP and six1 all show statistically significant evidence of differential regulation with P 0.001. ntl, otx2 and val do not show statistically significant evidence of differential regulation. None of the wt versus mcMO1 comparisons show any evidence of a significant effect due to mcMO1 injection. 8.5 ng of morpholino injected per embryo. All embryos were analysed at 12 hpf except zOMP which was analysed at 48 hpf. Abbreviations: DF, degrees of freedom; se, standard error.
of mesodermal marker, no tail (ntl) in hdMO1 embryos showed no change in pattern of expression in the notochord compared to control embryos, however lower expression within the tailbud was observed (Fig. 3E-H and Table 1 ) (44) . The tailbud is important for the formation of posterior structures of the developing embryo, both axial and non-axial structures such as the notochord and the tail, respectively (45, 46) . With high doses of morpholino, hdMO1 embryos appear to have a curled tail (18) which suggests deficiency in the non-axial mesoderm. Importantly, within the tail bud, hdMO1 embryos still form the Kupffer's vesicle, the zebrafish structure equivalent to the mouse node and required for leftright patterning (47) . These investigations demonstrate that hdMO1 embryos are deficient only in the very anterior margin of the neural plate and suggest a possible role for htt in the formation of this region. Appropriate formation of the notochord suggests that this is not due to deficiency in the anterior blastoderm margin. These results also show that htt does not play a rate-limiting role in the formation of the midbrain or hindbrain, or in anterior -posterior patterning of the neural plate at this reduced level of htt expression.
To further elucidate the mechanism of anterior ectoderm deficiency in hdMO1 embryos, investigation into embryonic tissues required for formation of this region was carried out. In zebrafish, the yolk syncytial layer (YSL) plays an important role in the formation of the anterior neuroectoderm in a similar manner to the anterior visceral endoderm in mouse (48) . At 30% epiboly (4.7 hpf), sox32 is expressed by cells of the YSL and presumptive endoderm. By in situ hybridization analysis, there appears to be no change in the abundance or pattern of cells in the YSL in hdMO1 embryos (Fig. 3L ) compared with the control embryos (Fig. 3I ). This suggests that the reduction in htt levels to this experimental level does not alter the formation of the YSL and therefore that this is not a cause of the reduction in anterior ectoderm derivatives seen in hdMO1.
Like the node in mouse and chick, the zebrafish shield has an essential role in the induction of anterior neural tissue (reviewed in 49). We analyzed the expression of the gene, goosecoid (gsc), that is normally expressed within the zebrafish organizer at shield stage (6 hpf) and plays an essential role in dorso-ventral patterning and formation of forebrain development (50) . We found that injection of hdMO1 did not affect the pattern or level of gsc expression in the organizer ( Fig. 3M and N) suggesting that perturbation in organizer activity does not play a role in the hdMO1 phenotype described herein.
Htt is important for neural crest cell differentiation into cartilage
Gross analysis of the morphology of hdMO1 embryos revealed disruption in tissues of the mouth. This was especially evident after staining with acridine orange (Fig. 1A and B) with no increase in cell death seen in this region. However, the acridine orange staining provided some contrast within the transparent embryo, exposing the external pharyngeal morphology. As the structure of the branchial region lies over the cartilage Figure 2 . RNA in situ hybridization and qPCR reveal htt is required specifically for the formation of the anterior neural plate. (A and B) hdMO1 embryos show reduced expression of six1 in the pre-placodal region (arrow head) compared with mcMO1 embryos. Asterisk shows lateral line and otic placode cells migrating toward the posterior in (A) which are also reduced in hdMO1 embryos (B). (C) Schematic drawings showing expression and fate maps of the zebrafish anterior neural plate and pre-placodal field at the end of gastrulation (32, 36, 39) . The location of particular cell fates in the anterior neural plate and pre-placodal field correlate to gene expression patterns. All placodal tissues express six1 (32) , and in addition express one (or a number of) other genes as listed; adenohypophysis precursor cells (pituitary) express dlx3b and pitx3. Lens precursors express pitx3 or pitx3 and dlx3b. Olfactory precursors express dlx3b and pitx3, or only dlx3b. Anterior neural plate tissues, which are not derived from the pre-placodal region include: telencephalic precursor cells (expressing emx3, or emx3 and zic1) and retinal precursors (expressing zic1). The otx2 expression domain in the anterior neural plate is shown in grey. Dorsal view, anterior to top. (D and E) At 19 hpf, hdMO1 embryos have reduced expression of dlx2, particularly in the subpallial telencephalon (te), but also in the diencephalon (di). Expression of anterior neural plate marker otx2 is only slightly reduced in hdMO1 embryos by in situ hybridization (F and G). skeleton, it seemed likely that hdMO1 embryos would have an altered cranioskeletal structure. Alcian blue was used to stain the cartilage of hdMO1 embryos in order to visualize this disruption (Fig. 4A -C) . At a moderate dose of morpholino (8.5 ng), hdMO1 embryos (Fig. 4B) have fully formed pharyngeal arch 1 (p1; or Meckel's cartilage) and p2 (or ceratohyal) cartilages. In 25% of embryos, the p2 is pointing in a caudal rather than rostral direction. An example of this is shown in Figure 4B . Approximately 70% of all hdMO1 embryos show partial or complete loss of p3-p7 cartilages. During preparation of this manuscript, a similar phenotype was described using this model (19) .
In an effort to investigate further, the cause of this phenotype, in situ hybridization analysis of dlx2 expression was used to visualize the undifferentiated cartilage forming cells, the cranial neural crest, throughout their development. As shown earlier, the cranial neural crest cells form in the hindbrain in the correct pattern (Fig. 3B) , then by 33 hpf they have migrated from the hindbrain into the pharyngeal arches in hdMO1 embryos in a similar manner to cMO1 embryos ( Fig. 4D and E) . The arches, containing neural crest cells, are separated from each other by pharyngeal endoderm (nonstaining tissue between the arches). At this time, arches p1-p6 are divided by the endoderm, but p6 and p7 have not yet been divided, as seen in Fig. 4D . However, in hdMO1 embryos, arches p5-p6 have not yet finished dividing (Fig. 4E, arrow) suggesting a slight developmental delay of craniofacial formation.
In wild-type embryos, the pharyngeal neural crest cells continue to express dlx2 until they differentiate into cartilage. The process of differentiation begins at approximately 48 hpf.
In situ hybridization of dlx2 shows that at 56 hpf, well after onset of differentiation, some dlx2 is still expressed by neural crest cells of cMO embryos (Fig. 4F and G) . dlx2 is also expressed by neural crest cells of hdMO1 embryos. This demonstrates that in hdMO1 embryos, cartilage precursors have survived beyond the onset of differentiation and it is therefore unlikely that the pharyngeal disruption in hdMO1 embryos is due to early apoptosis of pharyngeal neural crest cells. It is possible, however, that reduced htt expression impairs differentiation of neural crest into cartilage.
To investigate the differentiation of pharyngeal cartilage, we analyzed the expression pattern of col2a1, a gene expressed by and required for neural crest cells during differentiation into cartilage. At 56 hpf, the most anterior pharyngeal cartilage is differentiating in cMO1 embryos including the epiphyseal plate (ep), palatoquadrate (pq), p2 and p3 cartilages ( Fig. 3G  and H) . Differentiation has also begun in hdMO1 embryos; however, col2a1 is reduced in the pq and p2 cartilages, and absent in p3. This result suggests that the absence of many or all of the ceratobranchial cartilage elements is likely to be due to impaired differentiation of these cartilage elements in hdMO1 embryos. Injection of a higher dose of hdMO1 morpholino still does not affect differentiation of the p1 or p2 cartilage, suggesting that htt at this low level is not a rate-limiting step in p1 and p2 cartilage differentiation, although they are grossly malformed. Initially, it was thought that the caudal pointing p2 cartilage in Figure 4B was due to fusion of this bone to the basihyal (bh) or p3 during development. However, the caudal pointing p1 and p2 cartilages in Figure 4C suggests the cause of this malformation may be lack of development of the underlying endoderm.
BDNF rescues the hdMO1 peripheral sensory neuron phenotype
Growth factor, BDNF has been shown previously to play a major role in neural development including formation, survival and differentiation of neurons. htt has been shown to regulate the production and transport of BDNF (7 -10) and recently, Diekmann et al. (19) showed that exogenous BDNF is able to rescue partially a craniofacial phenotype (in hdMO1 embryos) similar to that described earlier. It was therefore hypothesized that altered BDNF may contribute to the hdMO1 sensory neuron phenotypes described in this paper. The number of lateral line neuromasts in zebrafish embryos is well characterized and highly consistent (28) . We used DASPEI staining of lateral line neuromasts to determine whether adding BDNF to the embryo medium during development was able to rescue the reduction in neuromast number seen in hdMO1 embryos. Exogenous BDNF protein was added to the embryo medium immediately following hdMO1 injection. Embryos were allowed to develop in embryo medium with or without BDNF until 120 hpf. Similar to the results shown in Figure 1G , hdMO1 embryos had a reduced number of neuromasts than wild-type embryos at 120 hpf, P ¼ ,0.001 (average neuromast numbers were WT, 26.83 + 0.38, n ¼ 42; hdMO1, 20.53 + 3.75, n ¼ 49). BDNF was able to restore partially the number of lateral line neuromasts, shown by a shift in the mean number of lateral line neuromasts toward WT levels (hdMO1 versus hdMO1þBDNF P ¼ ,0.005; average neuromast number was hdMO1þBDNF, 22.73 + 2.95, n ¼ 45). This result showed a partial but statistically significant rescue of the number of lateral line neuromasts toward wildtype levels, supporting that BDNF plays a role in the sensory neuron phenotype in hdMO1 embryos. Currently, it is not known at which stage BDNF may play a role in the sensory neuron phenotype caused by reduced htt levels. However, this result highlights the important role of BDNF in htt signaling and development.
DISCUSSION
Htt is a large 350 kDa protein that is ubiquitously expressed throughout development. Expansion of a polyglutamine repeat region in the amino terminus of htt is responsible for the devastating neurodegenerative condition, HD. Although it is widely accepted that the presence of the polyglutamine repeat beyond a threshold number imparts a toxic gain-of-function property to this protein, there is some compelling evidence to suggest that a loss of the normal function of htt contributes to HD pathology, especially its neuronal specificity (reviewed in 6).
Presently, the normal functions of htt are unclear. The many binding partners and biological processes described to date suggest that the cellular functions of htt are numerous, including transcriptional regulation, vesicle trafficking, iron homeostasis and cell survival (reviewed in 6). It has been unclear which, if any, of these functions might be rate-limiting in neurons and therefore candidates for perturbation in HD.
Animal model systems are useful to identify the functions of htt in the complex developing organism. Previously, analysis of htt functions in the mouse model has been difficult due to the early embryonic lethality of homozygous knockout animals and the apparent lack of phenotype in heterozygous animals (12, 16, 17) . Embryonic lethality in these embryos demonstrates that htt plays a critical role in early embryonic development; however, it also makes analysis of the consequences of htt knockout in older embryos difficult.
In the present work, we describe the effects of morpholino-induced inhibition of htt translation in zebrafish embryos. Morpholinos are short strands of non-degradable, synthetic antisense oligonucleotides injected at the one cell stage to block the translation of htt mRNA into protein. The benefit of this approach is that the extent of inhibition of htt expression can be varied as can the resulting phenotype by adjusting the dosage of morpholino injected. We have described the use of this model system previously (18) and have used a moderate level of morpholino so as to investigate the effects of a partial reduction of htt expression. With partial htt reduction, hdMO1 embryos have impaired formation of the anterior region of the early neural plate as evidenced by reduced expression of genes characteristically present within the pre-placode and anterior neural plate including: six1, dlx3b and emx3. The reduction in anterior neural plate precursor cells later results in a dose-dependent reduction in the number of lateral line neuromasts and also reduction in olfactory sensory neurons and forebrain regions such as the subpallium and diencephalon.
Placodal tissue is a homogeneous layer of embryonic ectoderm that becomes specified early in development to form a number of different tissues. The olfactory and lateral line systems are among a number of placodal tissues that originate from this common precursor region, others include adenohypophyseal, trigeminal, profundal, lens, otic and a series of epibranchial and hypobranchial placodes. It is hypothesized that reduction of the pre-placodal domain will affect all tissues derived from these placodes; including the anterior lobe of the pituitary gland, ganglia of the trigeminal and profundal nerves, lens, otic vesicle and the sensory neurons of the distal ganglia of the face, respectively (32) . The downstream effects of disruption in placode formation alone are wide ranging and, in addition to the loss of telencephalic precursor cells, have devastating consequences on embryo development.
While a significant reduction was observed in the level of anterior gene expression (for six1, dlx3b and emx3), no significant change was observed in the slightly more posterior marker otx2. There was also no significant change in markers of mid-and hindbrain tissue (valentino, krox20 and hoxd4a), or the hindbrain-derived tissue, the cranial neural crest (dlx2b). It therefore appears that the consequences of htt deficiency in hdMO1 embryos are restricted to the most anterior regions of the neural plate and pre-placodal region, and do not affect anteroposterior patterning of the neural plate.
The anterior neural plate, along with the cranial dorsolateral endomesoderm, is important for the induction of the preplacodal region (51) . Given this, it is possible that the reduction in pre-placodal tissue occurs as a result of deficiency in the anterior neural plate emx3 expressing cells, located at the anterior neural plate border region. Therefore, we hypothesize that htt is specifically required for the formation or survival or the anterior neural plate margin, including emx3 expressing telencephalic precursor cells.
Investigation of the possible cause of anterior neural plate deficiency showed no change in two structures known to be important in the formation of the anterior neural plate, the shield (expressing gsc) and the YSL (expressing sox32). This result is in contrast to that observed by White et al. (14) , and Woda et al. (15) , where Hdh 2/2 mice did not form a morphological node. The difference between hdMO1 and Hdh 2/2 mice is likely to be due to the small amount of htt present in hdMO1 embryos as a result of the incomplete reduction of htt translation by hdMO1, and pre-injection translation of maternally deposited htt mRNA in 1-cell hdMO1 embryos (18) . This small level of htt expression is likely to be sufficient to allow formation of the node in hdMO1 embryos and supports that the anterior deficiency is not a result of perturbation in node formation. During the preparation of this manuscript, another description of brain morphology and apoptosis in zebrafish with reduced htt expression was published (19) . In this paper, it was stated that their hdMO1 embryos had similar brain morphology to that described earlier in our lab (18) . Diekmann et al. (19) noted apoptosis within the midbrain and hindbrain of their hdMO1 embryos. Our analysis did not reveal the same pattern in apoptosis within the midbrain or hindbrain at anytime during development. However, we observed a significant increase in apoptosis within the optic tectum at 36-48 hpf (data not shown). This result may complement another observation of Diekmann et al. (19) , showing significantly reduced axonal innervation of this region by retinal axons. At approximately 36 -48 hpf, retinal axons are required to make contact with the optic tectum. Any neurons in the optic tectum that are not contacted by retinal axons undergo apoptosis (22) . Although retinal precursors form within the anterior region of the neural plate, the anterior neural plate deficiency in hdMO1 embryos is not necessarily the cause of this retinal axon phenotype. Retinal precursor cells express zic1. This gene is expressed largely within the otx2-expressing domain as shown in Figure 2C . As hdMO1 embryos do not appear to be deficient in the otx2 expressing cells, it is unlikely that this phenotype is due to reduction of retinal precursor cell number. It is possible, however, that htt may play a role in retinal development after retinal cell formation, such as in survival, differentiation or axon guidance of the retinal cells. This possibility is supported by a Drosophila htt knockout model in which absence of htt leads to retinal degeneration in adult flies (52) . The observed neurodegeneration is similar to that caused by overexpression of htt with an expanded polyglutamine region (52) . Retinal degeneration is also seen in HD transgenic mouse model R6/2 (53,54) and a human HD patient compared with age-matched control, although only one HD patient was studied (55) . This evidence suggests a role for htt in survival of retinal cells, and for perturbation of htt function in the pathogenesis of HD.
Clinical observations of HD patients also reveal some evidence of olfactory impairment. HD patients have been shown to have impaired olfactory detection (56 -58) , olfactory memory (56, 57, 59) , identification (57, 58, 60, 61) and discrimination of quality and intensity of odors (58) . This dysfunction may occur by either of two mechanisms. First, neurodegeneration within brain regions which are important for processing olfactory information is likely to be the cause of impaired olfactory memory, identification and discrimination (59), while impaired odor detection is likely to be due to dysfunction of olfactory neurons. Because of htt's role in anterior neural plate formation shown here, it is possible that either of these mechanisms results from perturbation of normal htt function. These findings therefore suggest that loss of normal functions of htt contributes to the impaired olfactory function seen in HD patients.
A number of functions have been proposed for htt, which may affect brain formation and patterning contributing to a deficiency in anterior neural plate formation. Such functions include promotion of cell survival, differentiation and formation of progenitor cells. Neurotrophins, such as BDNF, are important in mammalian neurons for survival and differentiation. Htt is known to play an important role in regulating the production of BDNF (7 -9) and in the transport of BDNF along microtubules (10) . Adding exogenous recombinant BDNF to the embryo medium was able to rescue partially the number of lateral line neuromasts toward wild-type levels, suggesting that alteration in the production or supply of BDNF is responsible in part for the loss of lateral line neuromasts. It is currently not clear which step in the formation of lateral line neuromasts is rescued by BDNF-whether in the formation of the anterior neural ectoderm, in its survival or in differentiation of the sensory neurons, a known function of BDNF (62) . The significant, yet incomplete, rescue of neuromast number upon addition of BDNF to hdMO1 embryos suggests that other distinct (still to be identified) htt interacting pathways may play a role in neuromast development.
A role for htt in brain development is suggested by the high level of htt expression in the brain early in development; however, its precise function at this stage is not clear. Htt has a known important role in neuronal survival, and has been shown to be required for the formation or survival of neurons in specific regions of the brain. A conditional knockout system in mouse has previously shown that htt is required for survival of neurons within the postnatal forebrain (63) . More specifically, Hdh 2/2 ES cells injected into a wild-type blastocyst showed that htt expression was required for neuronal survival within the striatum, cortex, hippocampus and Purkinje cells of the cerebellum (13) . These results are complementary to that seen in our zebrafish model of morpholino-induced htt knockdown, highlighting a role for htt in formation or survival of anterior neural tissues.
A search of the literature did not reveal any report of a mutant or morphant zebrafish exhibiting the same constellation of phenotypes brought about by reduction in htt. Therefore, the identity of other participants in these pathways that might be revealed by such mutants awaits more thorough mutation analysis of zebrafish.
In summary, the data presented here demonstrates a role for htt in the formation of the anterior most region of the neural plate using a zebrafish model system of htt knockdown. The advantages of this system enable analysis of htt function at the earliest stages of development, a difficult task in mouse Hdh knockout models. Our data show that despite the homogeneous expression of htt in the brain, htt functions specifically within the forebrain to enable formation of precursors of the telencephlon and pre-placodal cells. The downstream effect of this includes loss of placode-derived tissue including olfactory and lateral line sensory neurons, and reduction in telencephalic tissue. The observed sensory neuron requirement for htt in the zebrafish htt depletion model described here is consistent with the observation that HD patients show impaired olfactory function (64 -69) . This suggests that the loss of normal function of htt contributes to at least some of the symptoms of HD pathology. We have also demonstrated that the htt-dependant reduction in peripheral sensory neurons is rescued partially by BDNF, further highlighting the important developmental role for htt in regulation of BDNF signaling, and the likely participation of BDNF in HD pathology.
MATERIALS AND METHODS
Zebrafish maintenance and staging
Zebrafish were maintained at 28.58C under standard conditions as described (70) . Embryo medium (71) was used to develop fish for all experiments. Developmental stages were determined by using both timing (hours post fertilization, hpf) and morphological features according to Kimmel et al. (71) . For in situ hybridization analysis after 20 hpf, embryos were raised in 40 mM 1-phenyl-2-thiourea (PTU) from gastrula stage (5.5 hpf) to inhibit pigment formation.
Morpholino design
All morpholinos (MOs) used were designed and synthesized by Gene-Tools, LLC Ore and were of the same antisense sequence as described previously (18) . hdMO1, hdMO2, cMO and mcMO1 morpholinos were prepared and injected in the manner described in ref. (18) .
Acridine orange staining
Apoptosis in whole embryos was assessed by staining with the vital dye, acridine orange (AO; Sigma-Aldrich) (72) . The acridine orange protocol was adapted from Li and Dowling (73) . A stock solution was made up to 1 mg/ml in water. Embryos were dechorionated and placed in 1/1000 dilution of the acridine orange stock solution in embryo medium for 30 min. After washing in embryo medium, the embryos were placed into tricaine anesthetic solution (3-amino benzoic acid ethyl ester; Sigma-Aldrich) (70) and viewed immediately using a green fluorescence filter.
Alcian blue
Alcian blue cartilage stain was used to visualize the structure of the craniofacial skeleton of zebrafish. Five-to 8-day-old larvae were fixed in 4% formaldehyde in 1 Â phosphate buffered saline (PBS) overnight at 48C. Embryos were bleached in 0.5 ml 30% hydrogen peroxide for about 2 h. Twenty-five microlitres of 2 M potassium hydroxide was added to enhance the bleaching process. When eyes appeared sufficiently translucent, embryos were stained overnight in a filtered alcian blue solution (1% concentrated hydrochloric acid, 70% ethanol, 0.1% alcian blue (AnaSpec)). Embryos were cleared in acidic ethanol (5% concentrated hydrochloric acid, 70% ethanol) for 4 h, rehydrated in a graded ethanol series (50%, 25% then PBS), then stored in 80% glycerol at 2208C. Craniofacial cartilage was visualized under a Zeiss Axiophot light microscope and photographed using a 10Â objective.
DiI staining
DiI was used to label mature olfactory sensory neurons in live zebrafish embryos (25) . DiIC18(3) powder (Invitrogen) was made up to a 5% stock solution in dimethylformamide (DMF). To stain the embryos, 1 ml of DiI stock was added to 5 ml DMF and 4 ml 70% glycerol. The 10 ml working stock of DiI solution was added to 96 hpf zebrafish embryos in 4 ml of embryo medium for 15 min. For viewing, fish were anesthetized in tricaine then mounted in 3% methylcellulose with tricaine. DiI stained olfactory receptor neurons were initially viewed on a dissecting microscope using a rhodamine cube or filter suitable for 550 nm emission 2565 nm excitation. Images were captured on a Leica SP5 spectral scanning confocal microscope.
DASPEI staining
DASPEI specifically stains hair cells within lateral line neuromasts (27) of live zebrafish embryos. The staining procedure was carried out as described in ref. (74) . One hundred and twenty hours post fertilization live zebrafish embryos were immersed in 1 mM DASPEI in embryo medium for 5 min (supernatant only). The embryos were then rinsed thoroughly in embryo medium before anesthetizing and viewing as described above for DiI. For quantitation, presence or absence of each lateral line neuromast was recorded with reference to the previously described pattern along the lateral side of the embryo (28) . Statistical analysis was performed using a Student's t-test.
For BDNF rescue experiments, human recombinant BDNF (100 ng/ml; Millipore) was dissolved in water and added to the embryo medium 10 h after morpholino injection. Embryo medium with or without BDNF was replaced with fresh medium every 24 h. Each experiment was carried out on three separate occasions by a blinded investigator. Seventeen nanogram hdMO1 was injected per embryo.
Whole-mount in situ hybridization
In situ hybridization was carried out according to the protocols published by Jowett (75) with minor changes, described as follows. To allow chromogenic detection, alkaline phosphatase conjugated antibody was added at 1:4000 dilution in PBS with 0.1% Tween-20 and 1% BSA for 1 h at 48C. For two color in situ hybridization, NBT/BCIP was used to detect the first (and weakest) probe, prior to detection of the second probe with Vector red. Digoxygenin and fluoresceinlabelled antisense probes were synthesized from cDNAs of krox 20 (64), gsc (65), otx2 (66), six1 (35), ntl (44), dlx2 (67), dlx3b (67), col2a1 (68), sox32 (69), val (76) and hoxd4a (77).
Quantitative PCR
Total RNA was extracted from zebrafish embryos (30 embryos per sample) and quantitative PCR carried out as described in ref. (18) on an ABI 7000 sequence detection system (Applied Biosciences), where possible primers were designed to span an intron. Exceptions were the genes zOMP and val. The relative standard curve method was used for quantification (as described by the manufacturer) to generate raw values representing arbitrary units of RNA transcript. Each experiment was performed on three independent occasions except for val, which was performed twice. In every experiment, each embryo sample was run in triplicate. The experimental gene value was then normalized to the average ef1-a value for that sample. Statistical analyses on normalized data were performed using ANOVA and Student's t-tests. Raw P-values were adjusted using the false discovery rate method. All primers used are shown in Table 2 .
